W6 W
2021 4 8 H
DOTI: 10.1016/S1872-5805(21)60072-0

oM R MR
NEW CARBON MATERIALS

Vol. 36 No. 4
Aug. 2021

Recent advances in carbon-supported iron group electrocatalysts for
the oxygen reduction reaction

LI Ping, WANG Huan-lei*
( School of Materials Science and Engineering, Ocean University of China, Qingdao 266100, China )

Abstract:
(ORR) is the key electrochemical process of metal-air batteries. The sluggish nature of ORR kinetics and the high cost of Pt-based

Metal-air batteries are emerging energy devices that have received worldwide attention. The oxygen reduction reaction

ORR catalysts have severely hindered their large-scale application. As earth-abundant elements, the iron group elements have a vari-
ety of hybrid orbitals, and their incorporation into the carbon skeleton achieves good ORR catalytic activity, giving them great poten-
tial for substituting for Pt-based catalysts. Here, their uses for ORR and the function of each active site in the ORR process are sum-
marized. The relationship between the microstructure and performance of these catalysts may help us fully understand the role of iron
group elements in ORR and provide basic insight into the design of cheap catalysts with outstanding ORR catalytic performance in
the future.
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1 Introduction

With the increasing demand for addressing the
global environmental and energy problems by utiliz-
ing clean energy, metal-air batteries are considered to
be one of the effective technologies for solving this is-
sue''. In metal-air batteries, the chemical energy can
be directly converted into electrical energy, and this
process does not need combustion and is not limited
by Carnot cycle, thus improving energy conversion ef-
ficiency and reducing unnecessary energy loss'”. Met-
al-air batteries demonstrate the merits of low cost,
safety, environmental friendliness and high theoretic-
al energy density. Metal-air batteries consist of a met-
al as an anode and air as a cathode. In general, the
oxygen reduction reaction (ORR) process on the cath-
ode of metal-air batteries mostly displays complex

and low reaction rate in alkaline media™ ¥

, which is
the main obstacle hindering the large-scale applica-
tion of metal-air batteries'”. The development of high-
efficiency catalysts is the main task for boosting the
ORR process. The precious Pt metal shows the best
catalytic performance. However, the large-scale ap-
plication of metal-air batteries is limited by the high

cost and low reserve of Pt The preparation of cheap

Received date: 2021-06-02; Revised date: 2021-06-27

and high-performance ORR catalysts to replace pre-
cious metals still remains a big challenge. During the
past decades, carbon-based catalysts with the advant-
ages associated with high surface area, low-cost, out-
standing conductivity, and stable physicochemical sta-
bility have been extensively investigated to enhance
the sluggish ORR process. The electronic environ-
ment of the carbon catalysts can be modulated by in-
troducing nonmetallic heteroatoms (such as N, P, B,
O, etc), and the doping engineering strategy is proved
to effectively boost the ORR catalytic performance.
However, compared with Pt, there is still a perform-
ance gap for carbon-based catalysts. Based on the
characteristics of abundant reserves, low price, low
biological toxicity, and similar physicochemical prop-
erty for transition metals, introducing iron, cobalt and
nickel (called iron series elements) based active spe-
cies into carbon-based catalysts is an insightful idea to
realize the preparation of high-performance ORR
catalysts'”.

Iron series elements with unique electronic struc-
ture and low crystal field splitting energy are facile for
forming metal complexes with weak field ligands
(such as ligands with P and N as coordination

atoms)™® °!. High spin iron series complexes can also
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change the spin state through spin crossover, result-
ing in the reduction of the reaction energy barrier for
promoting the ORR reaction. As a result, it is the po-
tential direction of research to replace precious metals
with cheap and abundant transition metals as ORR
catalysts. In recent years, iron series compounds, such
as oxides, chalcogenides, carbides, phosphates and ni-
trides, have been incorporated within carbon matrix as
high-performance ORR catalysts''*'*. The introduc-
tion of carbon matrix can not only provide excellent
conductivity framework, but also avoid the agglomer-
ation of iron series compounds'’. At the same time,
iron series elements can change the electronegativity
of carbon to improve the catalytic activity of the ma-
terials''*. Besides, for further optimizing the intrinsic
activity of iron series compounds, determining their
ORR activity is necessary'”'". Although iron series
elements based carbon catalysts show excellent cata-
lytic activity, the reason of catalytic performance im-
provement should be clearly clarified. Therefore, it is
crucial to give timely summarization on this field for
emphasizing the origin of internal activities.
Therefore, in this review, we discuss the applica-
tion of iron series compounds in ORR catalysts ac-
cording to the classification of active sites (Fig. 1).
For clearly, the active sites are clarified as M-N,, M-
P, M-O,, M-S,, M-C, and metal nanoparticles. The
different active centers and catalytic mechanisms of
the iron catalysts were thoroughly discussed. For bet-
ter designing ORR catalysts with high catalytic per-
formance, we systematically elucidate the relationship
between the microstructure and performance of car-
bon-supported catalysts based on iron series elements.

2 General principles of ORR

The ORR reaction is a multi-electron reaction,
and the whole reaction process can be simply divided
into 4¢~ pathway and 2e” pathway™™ *"!. The 4¢™ pro-
cess with high energy conversion rate and output
voltage is an ideal reaction way for oxygen reduction
in cathodes in metal-air batteries”". High 4¢™ path se-
lectivity is a major parameter for evaluating ORR
catalysts. The conversion of O, to H,O via 4e path-
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Fig. 1
such as Fe-N, (Reprinted with permission by copyright 2021, Willey"®)),

Summary of carbon-supported iron series element catalysts in ORR,

Fe-O, (Reprinted with permission by copyright 2020, Willey"*)), Fe-P_ (Re-
printed with permission by copyright 2020, ACS"")), Ni-N, (Reprinted with
permission by copyright 2020, RSC*"), Ni-S, (Reprinted with permission
by copyright 2018, ACS™'), Ni NPs (Reprinted with permission by copy-
right 2017, Willey"™), Ni-O, (Reprinted with permission by copyright 2020,
Springer Nature™™'), Co NPs (Reprinted with permission by copyright 2020,
Willey™), Co-S, (Reprinted with permission by copyright 2019, Willey™),
Co-P, (Reprinted with permission by copyright 2019, RSC"*)), Co-N_ (Re-
printed with permission by copyright 2020, Willey"*”) and Fe-C, (Reprin-

ted with permission by copyright 2020, Elsevier™).

way is the optimum way (eqn (1-5))%:

0,+%—0; (D
0, +H,0+¢  — OOH" + OH™ Q)
OOH* +e¢” — O*+OH" 3)

0" +H,0+e¢ — OH' + OH™ 4)
OH'+e¢ — OH +x 3)

Where the * represents the active site of the cata-
lyst, and the OOH*, O* and OH* are intermediates
produced in ORR process. The formation of OOH* is
a rate-limiting step, and the real reaction mechanism
of 4e” process is mainly determined by the dissoci-
ation energy of O, on the electrocatalyst.

3 Different carbon carriers in ORR
catalysts

The application of metal elements in ORR cata-
lysts may face the problems of poor dispersion, low
utilization and poor conductivity. The optimal way to

solve this problem is to introduce carbon carriers. Car-
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bon-based supports with porous, two-dimensional,
and/or fibrous structures can improve the mass/elec-
tron transport ability and allow more accessible active
sites. Among the different carbon nanomaterials, car-
bon nanotubes, graphene and porous carbon materials
are extensively used in the field of electrocatalysis. In
the two-dimensional graphene, the active catalytic
components can be arranged in different ways, such as
horizontally or vertically dispersed in the surface, as-
sembled into clusters, or completely filled in the inter-
layer space"’!. Similar to graphene, carbon nanotubes
has the advantages associated with intrinsic sp® hy-
brid structure, excellent conductivity, and good chem-

[34, 35]

ical stability . Therefore, carbon nanotubes are

also considered as promising carriers for preparing

electrocatalysts™®.

However, metal active species
loaded onto the carbon nanotubes can be easily ag-
glomerated. Moreover, graphene and carbon nan-
otubes are easy to stack and agglomerate, so it is ne-
cessary to build the 3D network by using graphene or
carbon nanotube blocks. Porous carbon with high sur-
face area and developed porosity, which provides
abundant active sites for anchoring metal species and
affords a large number of transport channels”. The
controllable porous structure of porous carbon can
prevent the aggregation of metal active sites during
the catalytic process, thus extending the life of the
catalyst. Besides, other carbon materials, such as car-
bon cloth, carbon fibers, and activated carbons, can be
also used as supports in the electrocatalysts. The inter-
action between pure carbon carriers and metal sites is
very weak and usually requires the introduction of
heteroatoms or functional groups”®. This can not only
enhance the interaction between carbon carriers and
metal active sites, but also provide additional non-
metal active sites, thus improving the cycling stability
and catalytic activity of the catalyst.

4  Carbon-supported M-N_ -based cata-
lysts for ORR

When the iron series metal atoms bond with ni-
trogen atoms, the d-band structure of the host metal
can be shrunk, fundamentally regulating the activity
of the catalytic site””. When the d,* orbital of a metal

is empty, the adsorption of oxygen atom on the metal
and the transfer of electrons from the metal to the anti-
m* orbital of O to form the metal-oxygen chelated in-

4!

termediate can be accelerated”™ . Therefore, in the

catalytic reaction of oxygen reduction, (Fe,Co,Ni)-N,
based catalysts show strong oxygen adsorption
strength, indicating the great potential for cathodic

¥ Moreover, due to the

oxygen reduction catalysts
Pt-like electronic structure, the theoretical electrocata-
lytic activity of (Fe,Co,Ni)-N, based catalysts is simil-
ar to that of Pt.

Due to the hybridization between N 2p and M 34,
M-N;, is considered to be the active site for ORR, es-
pecially Fe-N, with a planar structure!™. In principle,
the active site associated with Fe-N, have five pos-
sible coordination numbers, and the coordination
number x can significantly affect the charge distribu-
tion of metal sites, resulting in the change of catalytic
performance of Fe-N-C. The optimal adsorption con-
figurations of ORR intermediates O*, OH* and OOH*
on Fe-N, (x = 1-5) were predicted by theoretical cal-
culation *. Theoretically, the order of ORR activ-
ity is Fe-N,>Fe-N,>Fe-N,>Fe-N >Fe-N,*’) As a res-
ult, Fe-N, shows the best activity, and OH*/H,O can
be easily adsorbed/desorbed on/from Fe-N,. Fe-N, not
only acts as an effective active site, but also promotes
ORR reaction by changing the surrounding carbons
from electron rich to electron deficient™®!, and this
regulation of electronic structure of carbon is prone to
obtain a high ORR initial potential*’. Shao et al. pre-
pared petal-like porous carbon nanosheets with Fe-N,
species (FeNC-DO0.5) by utilizing the space limitation
of silica with the coordination of diethylenetri-
aminepentaacetic acid (DTPA) and melamine
(Fig. 2a)). The half-wave potential (E,,) of FeNC-
DO0.5 is 0.866 V, superior to that of Pt/C (0.845 V).
Due to the hard coordination of DTPA and the bind-
ing effect of silica, the wrapped Fe atoms can be effi-
ciently isolated for obtaining dense Fe-N, site. On the
other hand, the petal-like porous structure is benefi-
cial for exposing abundant active centers, leading to
the improved ORR catalytic activity of FeNC-DO0.5.
Furthermore, the ORR activity of FeN, can be effect-

ively improved by manufacturing defects near FeN..
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Fig.2 (a) The synthesis procedure of FeNC-DO0.5 (Reprinted with permission by copyright 2021, Willey™”), (b) the energetic pathway of the ORR on
Co,N@NC (Reprinted with permission by copyright 2020, Elsevier'*”), (c) the correlation between the onset potential (U°™*") and adsorption energy (E,,) of the

adsorptive oxygen atoms on CoN,_,C,, (d) the Bader charge transfer of the adsorptive oxygen on CoN,_,C, sites (Reprinted with permission by copyright 2020,
Willey®™), (e) free energy diagram for O, reduction on Ni-N, edge defect (Reprinted with permission by copyright 2012, ACS®™") and (f) free energy diagram
for ORR on three-coordinated NiN;, NiN,C, NiNC,, NiC; at the equilibrium potential (U=0.402 V) in alkaline conditions
(Reprinted with permission by copyright 2020, RSC").

Huo et el. reported the synthesis of atom dispersed Fe
site anchored on porous carbon skeleton (Fe-SA/PC)
through a simple dual-confinement route**. The Fe-
SA/PC shows the E,, of 0.91 V, suggesting excellent
ORR catalytic performance. The spatial restriction ef-
fect of micro/mesopores on carbon matrix can effect-
ively inhibit the accumulation of iron and promote the
generation of Fe-N, moieties in the synthetic process.
The produced 2D carbon structure with continuous

rich mass transport channels and large surface area

can be beneficial for the exposure of Fe-N, active cen-
ter, and the adsorption of intermediate products. Dens-
ity functional theory (DFT) calculations also illustrate
that the pore defects near the Fe-N, species can regu-
late the electronic structure to optimize the adsorption
ability of oxygen intermediates, facilitating for
achieving superior electrocatalytic activity.

The research of the Co-N, electrocatalysts began

[52]

as early as 1964°~. Jasinski proved that the Co-co-

ordinated N, phthalocyanine complex has excellent
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ORR performance in alkaline media. As an important
ORR active site, Co-N, has been widely studied. Dir-
ect pyrolysis of the mixture of nitrogen-containing
precursor and cobalt salt is a commonly used method
to prepare catalysts with Co-N, active sites" .
However, the direct pyrolysis of the Co-containing
mixture couldn’t achieve well-controlled active sites,
and the Co sites can be seriously aggregated, which
can hamper the activity for ORR. Metal-organic
framework materials with the merits of high surface
area and developed porosity have aroused worldwide
concerns, which is beneficial for the construction of
well-dispersed active sites for ORR process. Ge et al.
demonstrated the preparation of Co,N@NC by the
pyrolysis of a ZIF-67 precursor'*. The Co,N@NC
shows excellent ORR catalytic activity with a high
half-wave potential (0.84 V) and onset potential (£,
0.93 V). In Co,N@NC, Co,N nanoparticles are evenly
loaded in carbon box, which immensely enhances the
conductivity of material and restrains the gather of
Co,N nanoparticles. DFT calculation shows that dop-
ing N into metallic Co can highly reduce the band gap
of Co, thus notably reducing the overpotential from
OH’ to OH" in the ORR process (Fig. 2b), which is be-
neficial for realizing excellent and stable ORR activ-
ity. Applications of other coordination numbers of co-
balt-rich cobalt nitride in ORR are also being investig-
ated. Shu et al. reported a tannic acid assisted nitrida-
tion method for preparing a worm-like nitrogen-doped
porous carbon embedded with Cos,,N nanoparticles
(Co, . ,N@N-rGO)™. Due to the abundant exposed
active sites and the coupling effect between the N-
rGO layer and Cos ,,N nanoparticles, the Cos ,,N@N-
rGO shows a high ORR catalytic activity. Compared
with cobalt-rich cobalt nitride, there are more re-
searches on ORR catalytic performance of cobalt-poor
cobalt nitride. Sun et al. utilized a MOF template
method for preparing a catalyst with a gallstone-like
hierarchical structure and CoN, active site!”. DFT
calculation shows that the CoN, is highly consistent
with the ideal’s free-energy pathways in a 4¢ ORR
process, implying its excellent catalytic activity. Al-
though Co-N, is generally regarded as an active site,
investigating the catalytic activity of Co with partly

coordinated N is still necessary. Yang et al. studied

the catalytic activity of Co-N, -C, for ORR in an ad-
justable coordination environment (Fig. 2¢,2d)”". By
calculating the free energy of ORR, it is found that the
order of activity is CoN, > CoN,C,-3 > CoN,C, >
CoC, > CoN,C,-2 > CoN,C,-1 > CoN,C;. DFT result
provides crucial physical insights into Co-N, -C, act-
ive sites with different structures, which can effi-
ciently affect the local electronic structure, thus affect-
ing the adsorption of intermediate products. The coup-
ling effect of N and defects play a crucial role in cre-
ating highly active CoN, and then enhancing the ORR
activity.

Similar to Fe and Co, Ni-N,-based materials also
have excellent ORR catalytic activity. Ni-N, sites em-
bedded in the carbon matrix are conducive to the ad-
sorption of O, and the breakage of O, double bond.
Kattel et al. used DFT to study the effects of graphitic
Ni-N,(x=2,4) and Ni-N, edge defect motifs in Ni-N,/C
on ORR activity”™. The DFT results show that O, and
peroxide both chemisorb to Ni-N, edge site, but not to
graphitic Ni-N, and NiN, edge sites (Fig. 2e¢). Cai et
al. designs a three-dimensional metal-derived catalyst
(Ni-NCNT) with NiN, as the main active site, and the
uniform distribution of NiN, active sites in Ni-NCNT
boosts the ORR activity through promoting OH* de-
composition process”®. As shown in Fig. 2f, Liang et
al. studied the catalytic activities of a three-coordina-
tion Ni-N—C catalyst on graphene matrix for ORR
through the DFT calculations”". In the case of three-
coordinated environment, one vacancy is not enough
to accommodate the large radius of Ni atom, which
causes Ni atoms to extrude from the graphene plane.
The protruded Ni atoms can be beneficial for captur-
ing the oxygen-containing intermediates, and the ex-
cessive adsorption of OH* results in the excessive
overpotential of ORR. Therefore, the coordination of
N and C with Ni has a great influence on the ORR
activity, and it is necessary to fine-tune the content of
C and N during the catalyst synthesis process.
Moreover, Cai et al. prepared a NiN,-C catalyst by
pyrolyzing a mixture of nickel salt and 1-ethyl-3-
methylimidazolium dicyanamide (EMIM-dca)™”. The
outstanding ORR catalytic performance of the NiN,-C
catalyst is ascribed to the special structure of single-
atom-sized Ni-N, sites embedded in 3D hierarchical
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carbon. Based on DFT calculation, ORR intermedi-
ates tend to be adsorbed on Ni atoms, which indicates
that the important active site in the NiN,-C catalyst is
Ni-N,. The NiN,-C catalyst has a high 4¢" ORR se-
lectivity based on the theoretical and experimental
results.

5  Carbon-supported M-P, -based cata-
lysts for ORR

The lone pair electrons in the 3p orbital of phos-
phorus can cause relatively local concentrated charge
density, and the empty 3d orbital can accommodate
the lone pair electrons in the p orbital of oxygen mo-
lecule, which helps to improve the activity””. In addi-
tion, compared with other heteroatoms, P atom has a
lower electronegativity and larger covalent radius, and
the formed iron series metal phosphides show advant-
ages of high conductivity, low cost and special elec-
tronic structure, which are demonstrated to be highly
active catalysts for ORR. It is reported that iron series
metal phosphates with high phosphorus content show
high corrosion resistance, which is due to the en-
hanced thermodynamic stability of metals in metal
phosphates™. However, the increase of P content can
greatly limit the electronic delocalization of metal
atoms, thus hindering the conductivity of a metal, and
finally resulting in the decreased catalytic activity"”.
Therefore, balancing the ratio between iron series
metals and phosphorus is a key factor for the design of
phosphates based on iron series metals, which is im-
portant for enhancing the ORR ability without seri-
ously damaging the electrical conductivity.

DFT calculations show that Fe-P bond is benefi-
cial for efficiently activating O, molecule and facilit-
ating the subsequent ORR process'®> *. At the same
time, due to the strong electron-donating ability of P,
the charge delocalization of adjacent C is accelerated,
thus promoting the adsorption of 0,'*”). In 2015, Singh
et al. proposed Fe-P-C as the active site of ORR for
the first time''”’. Li et al. synthesized a 3D hybrid car-
bon composite (Fe/P/C,5-800) with large surface area,
abundant mesoporous and microporous structure, and

high density planar edge by carbonizing the electro-

spunned [PVA/H,PO,/Fe(AC),] precursor'®. Due to
the stable Fe-P bond and high structural stability,
Fe/P/C,5-800 has excellent electrocatalytic stability.
In the Fig. 3a-3b, Chen et al. reported the synthesis of
Fe,P dispersed in a 3D N, P-codoped porous carbon
(Fe,P/NPC) by using a grinding-calcination technique
with ZnO as the pore-forming agent®. The E,, and
E, . of Fe,P/NPC are 0.872 and 0.997 V, respect-
ively, indicating the excellent catalytic activity. These
results show that the existence of Fe-P bond can pro-
mote oxygen reduction, and the large surface area
with abundant mesopores can facilitate the exposure
of active sites and provide fast mass transfer channels,
thus improving the ORR activity.

Cobalt phosphides have been demonstrated to be
excellent hydrogen evolution reaction (HER) and oxy-
gen evolution reaction (OER) catalysts®” **). However,
few cobalt phosphides have been reported as ORR
catalysts. Phosphorus element is more electronegative,
so there is a significant electron transfer from cobalt
to phosphorous in cobalt phosphides, which is the key
factor for the excellent catalytic performance of co-
balt phosphides®’. As shown in Fig. 3c,3d, Liu et al.
synthesized an excellent ORR electrocatalyst com-
posed of Co,P embedded in a Co, N and P multi-
doped carbon (Co,P/CoNPC)*". The Co,P/CoNPC
exhibits a remarkable ORR activity with high E,, of
0.843 V. The excellent ORR catalytic performance of
the Co,P/CoNPC is attributed to the synergistic effect
of Co,P and the multi-heteroatom-doped carbon. The
charge density distribution and density of states in
Co,P, Co,P(n=1.12), CoP and Co were investigated.
The charge density distributions and densities of states
(DOS) of Co,P at the Fermi level are higher than that
of Co,P(n=1.12) CoP and Co, indicating that more
charge carriers can take part in the electrocatalysis
process, which is an important reason for the excel-
lent catalytic performance of Co,P. However, the ex-
posed crystal plane on the surface of the catalyst can
also be an important factor for affecting the catalytic
activity of the catalysts. Li et al. synthesized highly
monodispersed CoP and Co,P nanocrystals with con-

sistent size and morphology for ORR'®*. Both the ex-
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Fig.3 (a) Schematic illustration of the synthesis for Fe,P/NPC, (b) rotating ring disk electrode (RRDE) voltammograms of Fe,P/NPC, NPC, and Pt/C in O,-
saturated 0.10 mol L' KOH solution (Reprinted with permission by copyright 2020, Elsevier®), (c) high resolution-transmission electron microscope (HR-
TEM) images of Co,P/CoNPC, (d) the linear sweep voltammetry (LSV) curves of Co,P/CoNPC (Reprinted with permission by copyright 2020, Willey*") and
(e) free energy diagrams for ORR at different electrode potentials on CoP (211) surface through the oxygen associative mechanism

(Reprinted with permission by copyright 2018, Willey'*?).

perimental and DFT calculation results show that CoP high polarization'”. Therefore, it is important to im-
nanocrystals have more excellent ORR catalytic activ- prove the charge transfer ability by combining high
ity than that of Co,P due to the highly exposed (211) conductivity carbon matrix with iron series metal ox-
crystal plane and a large amount of surface phosphide ides.

atoms (Fig. 3e). Many other CoP based materials, As shown in Fig. 4a-c, Wang et al. synthesized

such as CoP@CC", CoP-PBSCF®, CoP/NP- ultrafine cobalt oxide nanoparticles loaded on carbon
HPC™, CoP@SNC™ and CoP@PNC-DoS"™) with cloth (NP-Co,0,/CC), and the NP-Co,0,/CC shows
excellent ORR catalytic activity have been synthes- excellent ORR activity, showing £,, of 0.9 V and out-
ized. Based on these investigations, it is noteworthy standing ORR durability (Fig. 4a-4c)"". Yu et al. syn-
that designing catalysts with high surface area and de- thesized a hierarchical Co,0,@N-doped partly-graph-
veloped pores is vital in the improvement of catalytic itized carbon wrapped by Ti""-self-doped TiO, nano-
particles with multiple crystal-phases as catalysts
(C0,0,@NGC@MP-TiO,) for ORR""\. The possible

6 Carbon-supported M-Ox-based cata- ORR mechanism on Co,0,@NGC@MP-TiO, is

performance.

lys ts for ORR shown in Fig. 4d. The Co”" can coordinate with .the. 0
atom of H,O, and the H atoms of H,O can be distrib-

Iron series metal oxides have received wide at- uted over the surface of Co,0,@NGC@MP-TiO,.
tention owing to their low cost, casy availability, Co*'—OH™ species can be formed due to the reduction
unique 3d electronic structure and high surface chem- of the charge compensation for boosting the protona-
ical stability!”. However, due to the low conductivity tion of surface oxygen ligands with the existence of
and uncontrollable size of iron series metal oxides, the Co™. Du et al. prepared the highly stable and active

electron transfer and reaction process are seriously ORR catalysts (C0,0,@NGC@CuO) from the car-
hindered, resulting in sluggish reaction kinetics and bonization of ZIF-67 with coating of CuO"®. The
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Fig. 4 (a) Schematic illustration for the synthesis of NP-Co,0,/CC, (b) polarization curves of various catalysts, (c) the ORR stability evaluation of NP-

Co0,0,/CC and Pt/C (Reprinted with permission by copyright 2020, Elsevier") and (d) schematic illustration of possible ORR mechanisms using
C0,0,@NGC@MP-TiO, catalyst (Reprinted with permission by copyright 2021, Elsevier”).

CuO can protect the Co,0, from avoiding undesirable
oxidation. The Co;0,@NGC@CuO has a E;, of
0.865 V, comparable to that of commercial Pt/C.

7  Carbon-supported M-S -based cata-
lysts for ORR

As a viable catalyst for ORR, iron series metal
sulfides are expected to be used as an effective substi-
tute for Pt-based electrocatalysts. The metal cation d
orbital electron layer in transition metal sulfides is
easy to gain or lose electrons, so it is often used in

) Theoretical calculation

electrochemical catalysis
shows that the electrocatalytic ORR performance of
cobalt sulfide is similar to that of Pt. However, the
catalytic activity of pure cobalt sulfide with different
than

expected™. In order to expose more active sites,

polyvalence states is still much lower
nanostructured cobalt sulfide is usually loaded on car-
bon frameworks, which can be beneficial for achiev-
ing shortened ion and electron transport distance, and
fast reaction kinetics.

Cobalt sulfides with different stoichiometric ra-
tios have been previously explored as excellent elec-
trocatalysts. However, the casy agglomeration and

low electrical conductivity of cobalt sulfides result in

the unsatisfactory ORR activities. Due to the different
of Fermi energy levels between carbon and cobalt
sulfides, charge transfer usually occurs at the inter-
face of carbon and cobalt sulfides™. Therefore, many
researchers have reported that cobalt sulfides coupled
with carbon materials exhibit excellent ORR activit-
ies. Qiao et al. synthesized Co,  S/N-S-G by embed-
ding cobalt sulfide hollow nanospheres in N and S co-
doped graphene™. The Co,  S/N-S—G exhibits out-
standing ORR catalytic performance with an E_ ., of
0.978 V and a E,;, 0of0.862 V. The excellent elec-
trocatalytic performance of Co, ,S/N-S—G is ascribed
to the strong interaction between cobalt sulfide hol-
low nanospheres and graphene. As shown in Fig. 5a,
He et al. synthesized a core-shell structure with cobalt
sulfide nanowires as the core and N, S codoped graph-
itic carbon as the shell (CoS NWs@NSC)®"!. The ex-
cellent ORR catalytic activity of CoS NWs@NSC can
be attributed to the synergistic effect of large surface
area, three-dimensional network and abundant access-
ible active sites. Yao et al. found that the ORR catalyt-
ic performance of an octahedral CoS, was better than
that of a flower-like CoS"™. There is a high electron
density around S—S bond of S,>, which can boost the

absorption of oxygen on the catalyst surface and facil-
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Fig. 5 (a) Schematic illustration for the synthesis of CoS NWs@NSC (Reprinted with permission by copyright 2018, Willey™") and (b) ORR activity predic-

tions of NiS, based on DFT calculations (Reprinted with permission by copyright 2017, Elsevier

itate the break of the O—O bond in oxygen, resulting
in direct 4e transfer ORR.

One of the notable advantages of nickel sulfide is
the higher conductivity than its oxide counterpart,
which is important for the electrocatalytic activity.
Nickel sulfide has the characteristics of fast charge
transfer, strong chemical corrosion resistance, and rich
valence state. Sulfur ions in sulfur-rich phase NiS,
have high electron density, which is beneficial for
supplying electrons in ORR. Sumboja et al. synthes-
ized a composite of sulfur-rich colloidal nickel sulf-
ides and sulfur-doped reduced graphene oxide
(NiS, /S-rGO)*". The S-rGO support with high elec-
trical conductivity enhances the electron transport,
and promotes the uniform dispersion of NiS, during
the synthesis process. The NiS /S-rGO demonstrates a
high E ., of 0.91 V, suggesting the excellent ORR
catalytic activity. The excellent ORR catalytic activ-
ity of Ni,S, has also been verified. Yan et al. synthes-
ized amorphous carbon layer coated Ni;S, nano-
particles (Ni-NSPC) through directly carbonizing a Ni
based MOF™. In order to determine the effect of
Ni,S,, Ni-NSPC was treated with different concentra-

l82l)_

tions of HCIl aqueous solutions for controlling the
amount of Ni,S,, which can be found that an appropri-
ate amount of Ni,S, is very important for ORR. Yan et
al. prepared pure Ni,S, by pyrolysis of the mixture of
Ni powder and sulfur powder for ORR™. However, it
is found that the NiS transformed from Ni,S, is the
real catalytic site during the electrochemical measure-
ment. As shown in Fig. 5b, DFT calculations show
that the Ni-S coordination number of the exposed sites
on the surface of nickel sulfide can determine the
catalytic activity. Coincidentally, the carbonization of
S/Ni(II)-containing polypyrrole solid precursors pro-
duced a core-shell structure with Ni;S, core and N, S,
O codoped graphitic carbon shell (Ni,S,/NOSCs), and
the Ni;S,/NOSCs was treated with HCI to form NiS
shell”. The nanoparticles with Ni,S, as the core and
NiS as the shell coated with a N-, O- and S-doped car-
bon (Ni,S,/NiS/NOSCs) have excellent electrocatalyt-
ic performance toward ORR, which is ascribed to the
outstanding conductivity enabled by the carbon layer,
the synergistic catalytic effect of inner nickel sulfides
and carbon shells, and the electron transfer between
Ni,;S, and NiS in the Ni;S,/NiS core-shell architecture.
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8  Carbon-supported iron series metal
nanoparticles-based catalysts for ORR

Iron series metal nanoparticles have attracted in-
creasing attention owing to their excellent structural
properties”™. However, the agglomeration and large
size of iron series metal nanoparticles may seriously
affect the oxygen reduction activity. By reducing the
size of the nanoparticles to the level of single atoms or
clusters, high catalytic ORR performance can be
achieved™. Moreover, the coating of carbon layers on
the outside of transition metals can be more tolerant to
alkaline reaction environments, leading to more stable
ORR performance.

Zero-valent cobalt is often neglected in ORR
catalysis””. The results demonstrate that even if there
is no nitrogen doping in the carbon, the zero-valent
cobalt can efficiently enhance the ORR activity of the
adjacent carbon. Therefore, Co nanoparticles is con-
sidered as a kind of hopeful non-noble metal catalyst
owing to the characters of low cost, high catalytic
activity, simple preparation, and long-term operation
stability. Rao et al. prepared a core-shell structured
catalyst with the Co core and N doped carbon nan-
otube shell (Co@NCNT-300-5) by programmed car-
bonization with additional plasma etching”". The
E ... and E,, of the Co@NCNT-300-5 are 1.030 V
and 0.872 V, respectively, which are superior to those
of Pt/C. Such outstanding ORR catalytic performance
of Co@NCNT-300-5 can be attributed to the unique
core-shell nanostructures and more microcracks on the
carbon shell caused by plasma corrosion for provid-
ing rich accessible defects and active sites. As shown
in Fig. 6a, Liu et al. introduced Co nanoparticles into
S and N co-doped carbon nanotubes (Co@SNHC) by
pyrolyzing the mixture of sublimed sulfur, melamine,
cobalt acetate and SiO,@resorcinol-formaldehyde
spheres™. The Co@SNHC exhibits excellent ORR
performance with a high E,, of 0.831 V under al-
kaline conditions. The outstanding ORR performance
of Co@SNHC is due to the following reasons. (i) The
coating of carbon layers causes the decreased local

work function of cobalt nanoparticles. (ii) The intro-

duction of heteroatoms leads to the generation of car-
bon atoms with uneven charge, which is beneficial for
adsorbing oxygen species. Similarly, high perform-
ance ORR catalysts can be achieved by encapsulating
Ni nanoparticles in N-doped porous carbon nanocap-
sules to form a nanoreactor””. As shown in Fig. 6b-
6c, the £, and stability of the encapsulating Ni nano-
particles in the N-doped porous carbon is superior to
those loaded on the outer surface of a N-doped por-
ous carbon. According to the experimental and DFT
analysis, the existence of Ni nanoparticles can im-
mensely enhance ORR catalytic activity. After O, mo-
lecules pass through the graphitic carbon layer, the
oxygen can be confined in a limited space, leading to
the increased contact probability between active sites
and O,. This result indicates that the formed nanore-
actor can increase the reaction rate for reducing O,,
which ultimately improves the catalytic activity.
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Fig. 6 (a) Schematic illustration of the preparation of Co@SNHC (Reprin-
ted with permission by copyright 2019, RSC™) , (b) rotating disk electrode
(RDE) polarization curves of Ni@N-CNCs, N-CNCs, and Ni/N-CNCs and
(c) chronoamperometric response of Pt/C, Ni@N-CNCs, and N-CNCs at
—0.4 V and 1 600 r/min (Reprinted with permission
by copyright 2017, Willey™).

9 Carbon-supported Fe-C -based cata-
lysts for ORR

During the calcination process, iron can easily re-
act with carbon to form the iron carbide, and iron
carbide encapsulated in graphitic carbon layers is
known as excellent ORR catalytic active center”*. As
shown in Fig. 7a, the core-shell structured catalyst
was generated through the incorporation of Fe,C into

carbon materials””. The carbon layer not only pro-
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Fig. 7 (a) Schematic illustration of the preparation of Fe,C/C-700 (Reprinted with permission by copyright 2014, Willy'*?)), (b) the linear correlation of ad-

sorption energies for intermediates during ORR, (c) the energetic pathway of the ORR on Fe;C@MHNFs and (d) polarization curves of MHNFs, Fe,C@SNFs,
Fe,C@MHNFs and commercial Pt/C (Reprinted with permission by copyright 2020, RSCP").

motes the dispersion of iron carbide nanoparticles, but
also prevents the corrosion of iron carbide in the elec-
trolyte. The coating of a graphitic carbon layer on iron
carbide nanoparticles can induce unique host-guest
electron interactions, and the charge transfer from
Fe,C nanoparticles to carbon reduces the local work
function of the carbon layer, thus promoting the ad-
sorption and reduction of O,, which is of great signi-
ficance for improving the catalytic activity of ORR.
Xia et al. reported the confinement of Fe,C nano-
particles into multichannel hollow carbon nanofibers
(Fe,C@MHNFs) by using electrospinning techni-
que™. The E,,, of Fe,C@MHNFs is 0.90 V, which is
better than that of Pt/C (0.81 V). The novel hollow
structured carbon matrix and the high activity Fe,C
nanoparticles enhance the catalytic activity of hybrid
products for ORR. As shown in Fig. 7b and 7c, DFT
calculations show that the electron transfer efficiency
of the catalyst is greatly improved because of the gen-
eration of a highly electroactive interface region for
optimizing the electronic environment, and promotes
the binding and conversion of intermediates. As a res-
ult, Fe,C@MHNFs shows excellent ORR perform-
ance with a £, of 0.831 V (Fig. 7d).

10 Multiple active sites for ORR

Generally, the catalyst with multi-components
can provide a variety of catalytic active species, and
the synergistic effect generated among the compon-
ents can play a positive role in promoting the ORR
performance. Rich interfaces can be formed by the
heterogeneous structure in catalysts. At the same time,
the electron aggregation occurs at the interface of dif-
ferent substances, and the conductive electrons can be
easily transferred at interfaces, which can produce un-
expected ORR activity. Therefore, the design of cata-
lysts with multiple transition metal species is prom-
ising for improving the electrocatalytic ORR activity.

The catalytic activity of FeO, is very low, but the
combination of FeO, with other active sites can pro-
duce largely enhanced catalytic activity. Xiao et al.
proposed a H,-thermal-reduction strategy to prepare
FeO,/Fe heterostructures embedded in a N-doped por-
ous carbon framework (Fe,0,@NC-450) (Fig. 8a)”.
The H, treatment temperature can effectively affect
ORR performance. When the treatment temperature is
450 °C, the formed FeO,/Fe heterostructure, the mul-
tiple exposed crystal faces, and interaction between

FeO,/Fe and the nitrogen doped carbon layer result in



* 676 - oM™

U

ook %36 %

the high conductivity, good hydrophilicity, and good
stability of Fe,O,@NC-450, which can greatly im-
prove the ORR performance. Lei et al. prepared Fe
single atom sites and ultra-small Fe,O; nanoclusters
embedded in a N, S co-doped porous carbon as effect-
ive ORR catalysts (Fes,/FeO,/NSC) (Fig. 8b-c)".
The outstanding ORR behavior of Feg,/FeO,/NSC is
ascribed to the following reasons. (i) Fe single atomic
sites integrated with Fe,O, clusters act as highly act-
ive sites. (i) The doping of N and S can lead to the
uneven charge distribution in the carbon matrix for fa-
cilitating the adsorption of oxygen. (iii) Porous car-
bon frameworks with ultra-thin edges make active
species more accessible for ORR reaction.

Tan et al. synthesized Co-CoO multiphase nano-
particles coated with N, S co-doped carbon shells (Co-
CoO@NSC) by pyrolyzing ZIF-67 with thiourea for
in situ S doping™. The Co-CoO@NSC exhibits ex-
cellent catalytic activity with an £, of 0.89 V. The
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carbon layer serves as electron channels for the encap-
sulated Co-CoO nanoparticles, and DFT calculations
show that S doping reduces the formation energy of
OOH* on Co-N, sites and Co-O-C. Hu et al. synthes-
ized the Co nanoparticle-embedded in double-shelled
carbon@Co,S; nanocages (Co-C@Co,S; DSNCs) by
a MOF-engaged strategy'””. The inner Co nano-
particles embedded in the carbon are catalytic centers
in Co-C@Co,S; DSNCs, while the outer carbon and
Co,S; shells not only allow reactants to the active
sites, but also prevent the Co nanoparticles from ag-
gregation and leaching out. The Co-C@Co,S; DSNCs
acts as nanoreactors for providing high driving force
for the ORR. Tian et al. synthesized a nanocomposite
with heterogenous CoS/CoO nanocrystals loaded on
N-doped graphene (CoS/CoO@NGNs)!'*!. The CoS/
CoO@NGNs shows an excellent ORR activity with
an E,,, of 0.84 V, equal to that of Pt/C. The CoS/CoO

interface structure with the coupling effect between
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Fig. 8 (a) XRD patterns of the Fe,0,@NC-450 (Reprinted with permission by copyright 2020, RSCP), (b) high-angle annular dark field-scanning transmis-
sion election microscope (HAADF-STEM) images of Fe,,/FeOy/NSC, (c) Fe K-edge &*-weighted Fourier transform (FT) spectra of Feg,/FeOy/NSC, Fe,0,
and Fe foil (Reprinted with permission by copyright 2020, RSC") and (d) schematic illustration of the preparation of Ni/NiO/NiC0,0,/N-CNT-As
(Reprinted with permission by copyright 2016, RSC™).



55 4 1]

LI Ping et al: Recent advances in carbon-supported iron group electrocatalysts for the oxygen------ - 677 ¢

CoS/CoO and N-doped graphene can improve the
conductivity, accelerate the electron transfer, and im-
prove the stability of the catalyst. Peng et al. prepared
Co nanoparticles anchored in N-doped hollow porous
carbon nanofibers (CoN-HPCNF) by an in-situ growth
pyrolysis method using ZIF-67 as a precursor''"'!. The
excellent ORR property of CoN-HPCNF is attributed
to the high specific surface area, abundant hierarchic-
al porous structure, and ample active sites from the
graphic N, pyridinic N, Co-N, and Co particles.

As shown in Fig. 8d, Ma et al. synthesized a N
loaded with
Ni/NiO/NiCo,0, nanoparticles by using an alginate

doped carbon nanotube aerogel
derived biomass conversion strategy (Ni/NiO/NiCo,0,/
N-CNT-As)"". The excellent ORR catalytic activity
of Ni/NiO/NiCo,0,/N-CNT-As can be attributed to
the following reasons. (i) NiO and NiCo,O, have
strong affinity for O atoms in OH', which weakens the
binding force of O—H bond. (ii) Ni has affinity for H
atom, which can help dissociate H and promote the
fracture of O—H bond. (iii) The carbon nanotube aero-
gel carrier has rich pore structure and good conductiv-
ity, which greatly enhances the kinetics and catalytic
activity.

Reasonable combination of multiple active sites
can not only improve the catalytic activity, but also
realize the preparation of multifunctional catalysts.
Our group used NaH,PO, as the template, iron che-
lated sodium lignosulfonate as the precursor and am-
monia as the nitrogen source to couple Fe-N-C and
FeP into N, P and S co-doped carbon skeleton (Fe-N-
C/FeP /NPSC) for realizing trifunctional catalysis'*".
The Fe-N-C/FeP,/NPSC displays outstanding catalyt-
ic performances for ORR, OER and HER. The excel-
lent multifunctional electrocatalytic properties of Fe-
N-C/FeP,/NPSC can be attributed to the following
reasons. (i) The coupling of multiple active sites not
only maintains the intrinsic activity of each site, but
also improves the catalytic activity through a syner-
gistic effect. (i1) Large specific surface area and de-
veloped pore structure can expose more active sites
and promote mass/electron transfer. (iii) The carbon

support can effectively promote the dispersity of act-

ive sites for improving the stability of the catalyst.

11  Summary and perspective

In general, the iron series catalysts have shown
fascinating activity in ORR, owing to their low cost
and high efficiency. In this review, we have summar-
ized several iron series catalysts and analyzed the pos-
sible mechanisms and influencing factors towards
ORR. We discuss the change of electron and structure
composition in iron series catalysts, and clarify the in-
trinsic character for affecting the catalytic reactions.
The catalytic activity of ORR can be improved by
coupling nonmetallic heteroatoms and iron series ele-
ments into the carbon framework, and controlling the
morphology and size of the iron series element-based
compounds. Importantly, the introduction of carbon
materials can be beneficial for obtaining well-dis-
persed active sites and largely exposed surface area,
leading to shortened transport pathway of ions/elec-
trons and accelerated reaction kinetics.

It is undoubted that the introduction of iron series
elements is very important to improve the ORR activ-
ity of materials. However, the development of the
more efficient iron series element based catalysts still
remains a huge challenge in the future. Firstly, the
specific role of each iron series elements in the cata-
lysts has not been well-understood. The researchers
usually claim that there are synergistic effects among
multiple active sites, and it is really necessary to clari-
fy the activity origins and realize the identification of
active sites. The determination of the catalytic mech-
anisms for each active site is beneficial for develop-
ing new-type catalysts. In recent years, the catalysis
mechanism of M-N, has been studied extensively, but
the catalysis mechanism of other iron series com-
pounds needs to be further explored. Secondly, the
performance of active sites is considered to be closely
related with their morphology and size, and the por-
ous structure and microstructure of the catalysts.
Therefore, it is necessary and important to design iron
series element based catalysts with finely tuned struc-
tures (such as defects, porosity, interfaces and sur-

faces). Thirdly, the interaction of multiple active sites
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